ABSTRACT
INTRODUCTION
The importance of stochasticity in biological systems is well established by several theoretical studies (Arkin et al., 1998; Morton-Firth and Bray, 1998; Resat et al., 2003; Meng et al., 2004) and experimental work (Elowitz et al., 2002; Blake et al., 2003) . Stochasticity in chemical systems has been extensively studied using the exact stochastic simulation algorithm (SSA) of Gillespie (1976) . However, SSA is limited to non-stiff systems on short times. Biological networks exhibit multiple time scales, ranging from microseconds to days (Edwards and Palsson, 2000) , and demand efficient stochastic simulation algorithms (Lok, 2004) . Such recently developed algorithms are reviewed in Turner et al. (2004) and Vlachos (2005) . The family of τ -leap methods is the only coarsegrained stochastic simulation method that can provide accurate simulation results.
Here the binomial τ -leap method (Chatterjee et al., 2005) , a variant of the original Poisson τ -leap method of Gillespie (2001) , is employed to study the signaling pathway of EGF receptor (EGFR) activated mitogen activated protein (MAP) kinase cascade. Activated EGF receptors trigger a rich network of signaling pathways and * To whom correspondence should be addressed.
regulate cell functions such as proliferation, differentiation and migration (Yarden and Gur, 2004) . In this work, we have used a mathematical model of this signaling pathway to study the activation of the MAP kinase cascade from surface and internalized EGF receptors (Schoeberl et al., 2002) . The published model is based on ordinary differential equations (ODEs) of 94 signaling species with 296 reactions (referred to as events in this paper) in a well-mixed environment. The complexity of the model renders the MAP kinase cascade an excellent benchmark problem for testing the applicability of the binomial τ -leap method for biological systems.
THE BINOMIAL τ -LEAP METHOD
The binomial τ -leap method follows the stochastic evolution of N species among M reactions as an approximate Markov process. The algorithm requires the initial population size of all species (i.e. the number of molecules) and the reaction kinetics as inputs. This information is used to compute transition probabilities per unit time of all events at time t. A 'bundle' of events, sampled from a binomial distribution, are allowed to trigger in a time interval of size τ , and the time is incremented to t + τ . This process is repeated as the algorithm leaps along the time axis. The maximum τ is chosen to prevent substantial changes in populations (Gillespie, 2001) . This is automatically taken care of using a simple, computationally inexpensive criterion (Chatterjee et al., 2005) according to which the user can control the speed-up by inputting the coarse-graining factor r of time stepping in comparison to the SSA. This criterion is chosen here because r is constrained by mass conservation, 0 < r ≤ 1, but future work is needed to develop adaptive time step methods. Previous experience indicates that r up to 0.2 provides accurate simulations that are much faster than the SSA. A similar binomial τ -leap method has been developed independently by Tian and Burrage (2004) .
The algorithm conserves mass at both the single reaction and the entire network levels by constraining the number of reaction firings, thereby eliminating for the first time negative populations in τ -leaping (Chatterjee et al., 2005) . Numerical simulations using simple reaction networks (Chatterjee et al., 2005) demonstrated that the method is more accurate than the original Poisson τ -leap method of Gillespie (2001) .
RESULTS
Simulations spanning 15 min of real time were performed for the MAP kinase cascade using the binomial τ -leap method, 
html). Intracellular populations, namely free dimerized EGF bound EGFR ((EGF-EGFR)2), doubly phosphorylated ERK (ERK-PP), doubly phosphorylated MEK (MEK-PP
) and free and activated RaF (RaF*), are plotted against time in Figure 1 for selected species whose populations span from small to large ones. The binomial τ -leap method accurately captures the network kinetics for all times despite the large disparity in species population size in this complex network. The Poisson τ -leap method on the other hand encounters negative populations since small populations are present (Gillespie, 2001) . Figure 2 compares fluctuations of the two methods using the probability density functions obtained at time t = 1 min (with ensemble averages over 500 trajectories for the SSA and 1000 for the binomial τ -leap method). The mean and standard deviation for representative species, namely internalized dimerized EGF bound EGFR ((EGFEGFRi)2), internalized EGFR (EGFRi) and activated (EGF-EGFR)2 (EGF-EGFR*2), that span many orders of magnitude in number, are tabulated in the inset of Figure 2 . The consistency between the methods for the mean, standard deviation and higher order moments is indicative of the accuracy that can be obtained using the binomial τ -leap method.
The SSA required 3 days on a DEC alpha 833 MHz processor for the simulation depicted in Figure 1 as compared to 6-30 min taken using the τ -leap method. The binomial τ -leap is 100-1000 times more efficient than the SSA over the range of r values explored. The low computational requirements of the binomial τ -leap method enable accurate long time simulations that are beyond the reach of SSA (see example on the Website). Due to its accuracy, robustness, simplicity and substantial speed-up, the binomial τ -leap method appears to be a particularly promising, approximate stochastic simulation method for computational biology. Fig. 2 . Probability density functions (pdf) using the stochastic simulation algorithm (SSA, circles) and the binomial τ -leap method at time t = 1 min (squares, r = 0.2; diamonds, r = 0.5). Populations for species i are denoted as X i (number of molecules). The solid lines are curve fits for visual aid. Average populations and standard deviation are tabulated in the inset.
